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Abstract
All four SPS 200 MHz travelling wave cavities are now
equipped with a feed-forward system to compensate the
transient beam loading caused by the LHC beam. In ad-
dition one cavity is equipped with a dedicated one-turn
feed-back system with an extended bandwidth. The de-
sign and the theoretical performances of both systems were
presented last year in this workshop [1]. During the SPS
run 2000, the performances have been measured with the
LHC beam (one batch and three batches), at injection and
through the acceleration ramp up to 450 GeV. The results
are presented here and compared to the design values. The
limitation is now the bandwidth and the linearity of the
power amplifiers.
1 INTRODUCTION
The LHC beam in the SPS consists of three (or four)
batches of 72 bunches with a 25 ns spacing between
bunches. A gap of 225 ns separates the batches. This beam
is accelerated by four cavities of the travelling wave type
with a centre frequency at 200.222 MHz [2]. Table 1 lists
the relevant parameters.
Table 1: Parameters of the travelling wave cavities (4 sec-
tions).
Centre frequency 200.222 MHz
Operating mode π/2
Cell length 374 mm
Interaction length L (43 cells) 16.082 m
Group velocity vg 0.0946c
Series impedance R2 27.1 kΩ/m2
Beam loading impedance L
2R2
8 0.84 MΩ
For the nominal beam, the bunch intensity is Nb =
1.05 × 1011 protons per bunch. Although this bunch in-
tensity is comparable to the maximum achieved in p-pbar
operation (1011 protons per bunch), the beam current fig-
ure relevant to the beam loading is the peak 200 MHz com-
ponent of the beam current. The SPS record is 0.73 A,
achieved in fixed-target operation (4.81× 1013 protons to-
tal per beam, filling4200 buckets)1. With the nominal LHC
beam, the peak 200MHz beam current will be almost twice
1The 200 MHz component of the beam current is computed on the
basis of a bunching factor of two.
bigger: Ib = 1.3 A. When crossing the cavity the beam in-
duces a field whose effect can be measured by the resulting
accelerating voltage Vb. The SPS travelling wave cavities
are very peculiar in the sense that the electromagnetic field
can be introduced very quickly in a time τf , called the cav-
ity filling time, that is much shorter than the revolution pe-
riod Trev (τf = L/vg = 567 ns for the four sections cavi-
ties, whileTrev = 23µs). The beam loading must therefore
be studied in two different regimes: The steady state situa-
tion in the centre of the batch where Vb is a constant vector
at the RF frequency and the transient situation in the head
of the batch where Vb varies from zero (first bunch of the
first batch) to the steady state value in a time comparable to
τf .
We define the beam loading impedance Zb as the ratio be-
tween the beam induced accelerating voltage Vb and the
beam current Ib. We have [2]





















where ∆ω = ω−ω0 and ω0 is the centre angular frequency.
v is the particle velocity. The ratio vg/v is negative because
the cavities are of the backward wave type. The real and
imaginary parts of the beam loading impedance are plotted
in Figure 1.
2 STEADY STATE BEAM LOADING
In the centre of the batch the beam loading voltage Vb has
reached its steady state value. It is a pure sinewave at the
RF frequency. The total cavity voltage Vt is then the vector
sum of the two phasors Vb and Vrf (accelerating voltage
created by the power amplifier)
Vt = Vb + Vrf (4)
Figure 2 visualises the above equation. The beam current
Ib is aligned with the horizontal axis. The beam loading
voltage Vb is computed from Equations 1 and 2 where τ is
fixed by the value of the RF frequency at the corresponding
time in the acceleration cycle. The amplitude of Vt and the
stable phase φs are defined by the desired bucket area and
the rate of momentum change. We have used the cycle data
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Figure 1: Beam loading impedance Zb as a function of de-
viation from the centre frequency 200.222 MHz. (Top =
real part, bottom = imaginary part).
listed in [3] for a longitudinal emittance of 0.35 eVs at in-
jection (4 ns long bunches) and a constant 0.6 eVs during
the cycle, after an emittance blow-up at the beginning of
the ramp. The consequence of steady state beam loading is
the increase in needed RF power Prf whose value is easily
derived from the vector diagrams. At injection, the beam
loading voltage is 1.15 MV while the desired capture volt-
age2 is 162.5 kV (relative beam loading Y = Vb/Vt > 7).
The situation is less severe towards the end of the accel-
erating ramp (Y ≈ 1). Also shown is the peak RF power
Ppk needed to handle the overshoot of the correction of the
transient beam loading (see Section 7.1).
3 TRANSIENT BEAM LOADING
At injection the beam current jumps suddenly from zero
to 1.3 A. The beam loading voltage therefore rises from
zero to Vb in a time given by the cavity filling time cor-




) ≈ 620 ns. This
also happens at each turn, when the head of the first batch
enters into the cavity since the filling time is smaller than
the revolution period Trev = 23µs and the beam occupies
only about 3/11th of the ring. The beam loading is thus
periodic at the revolution frequency frev . Figure 3 shows
how the vector diagram varies during the passage of the
batch. First assume that no attempt is done to correct the
beam loading. The RF voltage remains a fixed vector Vrf
during the passage of the batch. When the first bunch of
the first batch enters the cavity, the beam loading voltage is
2Both figures are given per cavity with no counterphasing between the
four cavities. The RF voltage matched to the 4 ns long, 0.35 eVs bunches
at injection is 650 kV total.























Figure 2: Vector diagram showing the beam loading volt-
age Vb, the total voltage Vt and the generator voltage Vrf
in a four sections cavity (Vt = Vb + Vrf ). The horizon-
tal axis is aligned with the beam current Ib. The vertical
scales are different for the two plots. Top: situation at
injection (26 GeV, 0.35 eVs emittance), Vt = 162.5 kV,
Vb = 1.15 MV, Vrf = 1.16 MV, Prf = 200 kW,
Ppk = 300 kW. Bottom: situation at 425 GeV (0.6 eVs
emittance), Vt = 880 kV, Vb = 1.14 MV, Vrf = 1.64 MV,











Figure 3: Vector diagram during transient beam loading.
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zero, and the total accelerating voltage is thus Vrf (point A
on the diagram). As the batch enters the cavity, the beam
induced voltage rises slowly during the cavity filling time
and the total accelerating voltage varies in the head of the
batch from point A to point B where the total voltage has
reached the value Vt = Vb + Vrf . The variation of the
vector ∆V during the bunch passage gives a measurement
of the transient beam loading. The feed-forward and the
one-turn feed-back systems presented here will try to min-
imise this vector. Using an arbitrary reference at the RF fre-
quency, we can demodulate ∆V (vectorially) and obtain its
two components I and Q (projections of the vector ∆V on
the corresponding two axis) that will vary slowly during the
passage of the batch. The two components are AC coupled
so that they represent the transient beam loading only. (On
the vector diagram the effect of the AC coupling is to move
the origin of the I/Q coordinate system to point A). The per-
formances of the beam loading compensation will be eval-
uated by observing the effect on either the I and Q com-
ponents or on the modulus of ∆V (|∆V | = √I2 +Q2)
during the passage of the batch. A perfect compensation
scheme would vary the generator drive so that Vrf moves
from point B (Vrf = Vt) for the first bunch of the first batch






ing at all times the actual beam induced voltage Vb (func-
tion of the intensity profile along the batch). With this per-
fect compensation, all bunches would see the same accel-
erating voltage. The signals I, Q and
√
I2 +Q2 (AC cou-
pled) would remain zero during the passage of the batch.
Without correction, transient beam loading has three dam-
aging effects on the beam [1]:
• At injection, the phase of the RF is not correct for the
bunches in the head of the batch. The result is emit-
tance blow-up after filamentation and capture loss.
• The bucket area is not constant along the batch result-
ing in a modulation of the bunch intensity.
• At transfer into the LHC, the bunches in the head of
the batch do not fall in the centre of the receiving
bucket.
In addition, strong beam loading can make the RF beam
control system unstable [4]: In hadron machines the RF
amplitude and phase are controlled by feed-back loops.
The amplitude loop compares the total accelerating volt-
age to a reference generated by a function (to vary its value
during the acceleration cycle). The phase loop compares
the RF phase to the phase of the beam to damp the rigid
dipole oscillation (coupled bunch oscillation of order 0) 3.
If the beam loading is not corrected these loops will be-
come unstable above a threshold of Y ≈ 2.
3If the cavity is of the standing wave type an additional loop controls
the tuning of the cavity.
4 PERFORMANCES OF THE
FEED-FORWARD
The principle of feed-forward correction is shown in Fig-










Figure 4: Principle of feed-forward correction.
up whose bandwidth covers several tens of MHz around
200 MHz. It is then filtered by the transfer function Hfwd
and the output is subtracted from the drive of the genera-
tor. The goal is to produce a correcting drive that compen-
sates for the beam loading in the cavity. The delay from
the pick-up to the correcting voltage makes it impossible
to measure the beam current and correct the beam loading
in the same turn. An intentional full turn delay is there-
fore implemented in the transfer function Hfwd. The de-
sign was presented last year at this workshop (Section 2 of
[1]). The expected performance was at least 15 dB reduc-
tion (1/6th linear) of the beam induced voltage in a 1 MHz
band on each side of the RF frequency (Figure 10 of [1]).
Figure 5 shows the achieved performance at injection. The
feed-forward measures the beam current on the first turn
Figure 5: Compensation of the beam loading at injection
with the feed-forward. I/Q components of Vt (AC coupled):
The time window (5µs per div.) shows the first turn where
no compensation can be applied, and the second turn (after
one revolution periodTrev = 23µs) with the full correction
from the feed-forward. (One batch of 72 bunches, 0.7 ×
1011 protons per bunch, four sections cavity, MD session
2nd Nov. 2000).
and applies full correction on the second turn so that the
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RF amplitude and phase loop lock correctly. The compen-
sation of the steady beam loading (centre of the batch) is
better than 15 dB. The feed-forward is an open loop system
sensitive to the drifts in phase and gain of the power am-
plifier. The phase of the correction must also be carefully
adjusted during the acceleration ramp (from 200.265 MHz
at 26 GeV to 200.395 MHz at 450 GeV) so that it remains
aligned with the beam loading (see [1]). The overall per-
formance along the acceleration ramp is therefore more in-
teresting. Figure 6 shows the transient beam loading dur-
ing the SPS acceleration cycle from 26 GeV to 450 GeV,
without compensation. On each turn, we have sampled the
signal
√
I2 +Q2 at the rate of 50 Msamples/s in order to
produce one horizontal trace. The total horizontal span is
4µs (200 samples). The traces are stacked vertically one









Figure 6: Transient beam loading without compensation
during the full acceleration cycle from 26 GeV to 450 GeV
(|∆V | =
√
I2 +Q2). The horizontal scale in µs covers
a fraction of each turn, the vertical scale in seconds cov-
ers the full cycle. See text for details. (One batch of 48
bunches, 0.83× 1011 protons per bunch, four sections cav-
ity, MD session 10th Sept. 2000, SPS supercycle #551).
on top of the other starting from injection at the bottom.
The traces are separated by 4600 turns (≈ 100 ms). The
amplitude of the signal is coded with gray levels (white
equals zero, black equals the maximum value of 1 MV).
The passage of the batch is clearly visible as a dark band
lasting for 1.2µs on the horizontal scale. The batch con-
tained only 48 bunches during this Machine Development
session. The cycle consists of a long flat bottom lasting for
7.4 s after injection on the second trace. Then follows the
acceleration ramp lasting for 6.5 s and the beam is finally
dumped. Figure 7 shows the maximum amplitude of the
transient beam loading along the batch as a function of the
time in the acceleration cycle. This Figure is obtained by







Figure 7: Peak transient beam loading along the batch with-
out compensation during the full acceleration cycle from
26 GeV to 450 GeV (Max(|∆V |) = Max(√I2 +Q2)).
See caption of Figure 6 for details on the beam.
treating each trace of Figure 6 to obtain the peak value and
by displaying these peak values as a function of the time in
the cycle. At injection the maximum beam loading jumps
to 0.9 MV. (The bunch intensity is below nominal). It re-
mains fairly constant during the acceleration ramp (from
time 7.4 s to time 13.9 s).
Let us now evaluate the effect of the feed-forward com-
pensation. Figure 8 shows the remaining transient beam









Figure 8: Transient beam loading with feed-forward com-
pensation during the full acceleration cycle. The horizontal
scale in µs covers a fraction of each turn, the vertical scale
in seconds covers the full cycle. Same measurement, same
beam and same scales as Figure 6.
loading. Comparing it with Figure 6 we see the efficiency
of the compensation. The degradation at the start of the
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Figure 9: Peak transient beam loading along the batch with
feed-forward compensation during the full acceleration cy-
cle from 26 GeV to 450 GeV. Same measurement and same
beam as Figure 7. Different vertical scale.
acceleration ramp is noticeable but small. Figure 9 shows
the peak transient beam loading along the batch during the
cycle. Comparing it to Figure 7 we conclude that the peak
voltage has been reduced from 0.9 MV down to 0.3 MV on
the flat bottom and 0.35 MV during the acceleration ramp.
It is not surprising that the measured performance in term
of reduction of the peak voltage (1/3rd linear) falls a bit
short of the expected performance in term of low frequency
compensation (1/6th linear in a 1 MHz band on each side
of the RF frequency) since the remaining peak voltage is
typically caused by the uncorrected high frequency com-
ponents of the beam loading transient. These are visible
in the beam loading voltage remaining on the second turn
(Figure 5).
5 PERFORMANCES OF THE ONE-TURN
FEED-BACK
The design of the one-turn feed-back has been presented
at this workshop last year [1]. Figure 10 recalls its prin-











Figure 10: Principle of beam loading correction with a one-
turn feed-back.
to the total accelerating voltage Vt. The feed-back transfer
function Hback has large gain at the revolution frequency
harmonics ±nfrev only. It extends the total delay of the
loop to exactly one revolution period so that the open-loop
phase shift is zero on the revolution frequency lines. The
expected performance is similar to the one obtained with
the feed-forward: 15 dB (1/6th linear) impedance reduc-
tion in a band of 1 MHz on each side of the RF frequency
(Figure 16 of [1]). Let us now evaluate its performance
with beam. Figure 11 shows the behaviour at injection. No-
Figure 11: Compensation of the beam loading at injection
with the feed-back. I/Q components of Vt (AC coupled)
showing the progressive compensation turn after turn, 20µs
per div., Trev = 23µs. (One batch of 48 bunches, 0.83 ×
1011 protons per bunch, four sections cavity, MD session
30th Aug. 2000).
tice how the compensation by the feed-back builds up turn
after turn, unlike the full compensation available with the
feed-forward on the second turn (Figure 5). The feed-back
is a closed-loop system, and its performances are less sen-
sitive to the drifts of gain and phase of the power amplifiers
(as long as it remains stable). Figure 12 shows the perfor-
mance achieved 1 ms after injection with the same beam.
In the centre of the batch, the beam loading voltage has
been reduced by a factor larger than 8. The next measure-
ment shows the efficiency of the one-turn feed-back dur-
ing the acceleration cycle (Figure 13). The Figure must be
compared to Figure 6 showing the same measurement with-
out the feed-back. The beam loading compensation seems
slightly better than the one achieved with the feed-forward.
This is confirmed in Figure 14 showing the peak transient
beam loading along the batch during the cycle. Comparing
it to Figure 7 we conclude that the peak voltage has been
reduced from 0.9 MV down to 0.150MV on the flat bottom
and 0.225 MV during the acceleration ramp.
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Figure 12: I/Q components of Vt (AC coupled) 1 ms after
injection (500 ns per div.). Top: no compensation. Bottom:
feed-back on. Beam conditions as in Figure 11.









Figure 13: Transient beam loading with one-turn feed-back
compensation during the full acceleration cycle. The hori-
zontal scale in µs covers a fraction of each turn, the vertical
scale in seconds covers the full cycle. Same measurement,
same beam and same scales as Figure 6.










Figure 14: Peak transient beam loading along the batch
with feed-back compensation during the full acceleration
cycle from 26 GeV to 450 GeV. Same measurement and
same beam as Figure 7. Different vertical scale.
6 PERFORMANCES OF THE
FEED-FORWARD AND FEED-BACK
PAIR
At this workshop last year, we have presented the final
system consisting of a pair of feed-forward and one-turn
feed-back on each cavity (Figure 15). This set-up was in-
stalled on one cavity at the end of the run 2000, and we
will now compare the achieved performances with the the-
oretical ones: 30 dB impedance reduction (1/30 linear) in
a band of 1 MHz on each side of the RF frequency (see















Figure 15: Beam loading correction by a feed-forward and
feed-back pair.
1 ms after injection. Figure 16 shows the measurement
with one batch of 48 bunches. In the centre of the batch the
beam loading voltage is hardly visible on this scale. A high
frequency transient in the head of the batch remains un-
corrected. A possible explanation will be mentioned later
(Section 7.2). Figures 17 and 18 show the remaining beam
loading during the cycle. The peak transient beam loading
is now down to 0.125 MV on the flat bottom, and 0.2 MV
during the acceleration ramp, from an uncorrected value of
0.9 MV with this beam intensity.
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Figure 16: I/Q components of Vt (AC coupled) 1 ms after
injection (500 ns per div.). Top: no compensation. Bottom:
feed-forward and feed-back pair on. Beam conditions as in
Figure 11.









Figure 17: Transient beam loading with feed-forward and
feed-back pair compensation during the full acceleration
cycle. The horizontal scale in µs covers a fraction of each
turn, the vertical scale in seconds covers the full cycle.
Same measurement, same beam and same scales as Fig-
ure 6.










Figure 18: Peak transient beam loading along the batch
with feed-forward and feed-back pair compensation dur-
ing the full acceleration cycle from 26 GeV to 450 GeV.
Same measurement and same beam as Figure 7. Different
vertical scale.
7 UPGRADE OF THE RF POWER CHAIN
7.1 The new RF windows
The program to upgrade the RF windows of the travelling
wave cavities is now well underway. The goal is a power
handling capability of 1.3 MW per cavity in pulsed mode
(40 % duty cycle in one turn) and 0.75 MW in CW [6].
For the nominal beam current of 1.3 A and a 0.6 eVs emit-
tance, this high power is not needed with the foreseen SPS
cycle for the LHC beam [3]. The generator current cre-
ated by the beam loading compensation presents a 25 %
overshoot (four sections cavity) at the end of the rise time
equal to the cavity filling time. The beam current must
thus be increased by 25 % in order to compute the peak
RF power Ppk needed to handle this overshoot. The cor-
responding power levels are listed in the captions of Fig-
ure 2. 600 kW are sufficient with a four sections cavity.
(See also the power requirements presented last year in this
workshop [5]). 1.3 MW are needed for the ultimate cur-
rent of 2.1 A and it will also give some margin if the SPS
must handle a nominal beam with an emittance increased to
1 eVs [7]. The new window has been tested with 1.5MW in
pulsed mode and 0.75 MW CW. We are installing it on cav-
ity 2 during this shutdown so that it will be tested in normal
operation with beam during the run 2001. We will also test
the possibility of conditioning the window at low RF power
(as well as at the nominal power) so that the matched RF
capture voltage (around 650 kV total) could in the future
be realized with the four cavities without counterphasing
(162.5 kV per cavity). This would remove the present lim-
itations due to the counterphasing required [5].
7.2 Frequency response of the Siemens trans-
mitters
The first two of the four SPS travelling wave cavities are
powered by a plant of RF amplifiers designed by Siemens.
Each of these plants consists of a cascade of four stages:
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The first two stages (1 kW and 10 kW) are double-tuned
amplifiers with a −3 dB bandwidth of 4 MHz on each side
of the centre frequency 200 MHz. Then follows the driver
(single-tuned, with a −3 dB bandwidth of 2 MHz). The
output of the driver is connected to the inputs of four fi-
nals via a hybrid. The finals are also single-tuned ampli-
fiers with a −3 dB bandwidth of 2 MHz [8]. Figure 19
shows the theoretical phase and amplitude response of this
model on one side of the centre frequency. In order to

















Figure 19: Theoretical frequency response of the Siemens
RF power plant. Horizontal axis: Offset from centre fre-
quency in MHz. Top: phase shift after correction of the
electrical delay, 20◦ per div. Bottom: gain, 2 dB per div.
measure the real frequency response, we must reproduce
the conditions seen by the feed-forward and feed-back sys-
tems (Figure 15). Their outputs are added to the main drive
current that must produce the accelerating voltage at the
RF frequency. The measurement of Figure 20 was there-
fore realized by adding a small sweep (from 197 MHz to
200.2 MHz) to a main drive generating 200 kW CW at
200.265 MHz. The curves show the phase and gain re-
sponse for the added sweep and must be compared to the
corresponding ones for the model (Figure 19). A severe
distortion is visible around 198 MHz: The phase suddenly
drops by 90◦ and a shoulder appears in the gain curve. A
possible cause is the (known) impedance mismatch at the
input of the four finals [8]. Since the overall performance
of the beam loading compensation is now limited by the
high frequency behaviour, this mismatch becomes impor-
tant and it will be corrected during this shutdown.
Figure 20: Measured frequency response of the Siemens
RF power plant. Top trace: phase shift after correction of
the electrical delay, 45◦ per div. Bottom trace: gain, 3 dB
per div.
7.3 Non linearity of the Philips transmitters
The last two travelling wave cavities are powered by a RF
plant designed by Philips. The frequency response is a bet-
ter match to the model. But a closer investigation has re-
vealed strong non-linearities. Figure 21 shows the spec-
trum of the plants output measured with a forward probe
in the coaxial power line. The RF input to the plant con-
sists of a main drive at frf = 200.265 MHz (generating
200 kW CW) plus a small added line at f1. A strong im-
age at 2frf − f1 is clearly visible in the spectra. This is
not surprising: It is a third-order intermodulation product.
But its level is unexpectedly high given the small amplitude
of the line at f1. Notice also how the relative level of the
image increases as the frequency f1 moves away from frf
(from top to bottom). The stability analysis for the one-
turn feed-back was based on the Nyquist plots, and it is
not valid anymore in presence of such a strong non-linear
behaviour. We have indeed observed that the feed-back be-
comes unstable for a gain twice smaller than the thresh-
old predicted by Nyquist theory. We will try to understand
the mechanism responsible for this non-linearity during the
shutdown.
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Figure 21: Spectrum of the RF power plant output with
200 kW CW at frf = 200.265 MHz plus a small added
line at f1 (10 dB per div). Top: f1 = 199 MHz = frf −
1.265 MHz. Bottom: f1 = 198 MHz = frf − 2.265 MHz.
(The two small symmetric lines at a 1.2 MHz offset from
frf are parasitic). Centre frequency 200.265 MHz, fre-
quency span 10 MHz.
8 EFFECT ON THE BEAM QUALITY
At injection the bunch length is 4 ns and the bunch emit-
tance 0.35 eVs [3]. This gives a matched RF voltage around
650 kV total, that is 162.5 kV per cavity. The remaining
beam loading after correction (125 kV on the flat bottom)
has been presented in Figure 18 for a bunch intensity of
0.83× 1011 protons. We can scale this value for the nomi-
nal intensity of 1.05× 1011 and we get a maximum uncor-
rected transient beam loading of around 158 kV. This worst
case error affects the first bunches in the head of the batch
as shown on Figure 16. At injection, this beam loading is
almost 90◦ out of phase with respect to the desired voltage
(frf = 200.265 MHz, τ/3 ≈ 3◦ and φs = 0 on Fig-
ure 2, top). The result is thus a 44◦ phase error on the first
turn (arctan (158/162.5)), and a total voltage of 227 kV
(√1582 + 162.52). At 200 MHz, the 44◦ phase error corre-
sponds to 611 ps. With the 4 ns long bunch and without any
static injection phase error, a small fraction of the bunch
length (111 ps out of 4 ns) would thus not be captured. The
rest will filament and fill the full bucket corresponding to
a voltage of 4 × 227 = 908 kV, that is a bucket size of
0.48 eVs. This worst-case bunch would thus end-up with a
length of 5 ns and a longitudinal emittance of 0.48 eVs, that
is acceptable with the foreseen 0.7 eVs bucket area (0.6 eVs
emittance) during the SPS cycle. Some improvement is
however still needed to cope with an additional static injec-
tion phase error.
The RF voltage is raised at the beginning of the ramp to
accommodate an emittance of 0.6 eVs, thereby making the
beam loading compensation less critical. We can now ac-
celerate a batch of 48 bunches with 0.8× 1011 protons per
bunch and keep the bunch intensity profile constant along
the batch [9]. (A modulation of this intensity profile was
present in 1999, without the compensation, at the lower in-
tensity of 0.5× 1011 protons per bunch [1]).
At extraction towards the LHC, it is now foreseen to keep
the RF voltage around 3.5 MV total, that is 875 kV per cav-
ity. Figure 18 shows that the maximum uncorrected tran-
sient beam loading is 200 kV on the flat top, for a bunch
intensity of 0.83 × 1011 protons. For the nominal beam
(1.05× 1011 protons per bunch) this scales to 253 kV, so
that the maximum phase error is 16◦ at 200 MHz or 222 ps.
This is just above the design value for the LHC longitudi-
nal damper (200 ps) [10].
Observations have also been done with two and three
batches. With a distance between batches larger than
620 ns, the beam loading transient is identical in each
batch. With the nominal gap of 225 ns, the bunches in
the heads of the second and third batches see a transient
reduced compared to the one seen by the first bunch of the
first batch.
9 SITUATION FOR THE RUN 2001
In 2001 each of the four cavities will be equipped with its
private feed-forward and feed-back pair as shown in Fig-
ure 15. We will however operate with two cavities longer
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than the optimal length for the LHC era: Cavities 3 and
4 still consist of five sections and therefore suffer from a
higher beam loading voltage [5]. The final decision con-
cerning their length will follow the observations with the
clean machine in 2001.
The beam loading compensation must still be improved for
the first three or four bunches in the head of the first batch
(100 ns) where the remaining beam loading is twice bigger
than in the rest of the batch (Figure 16). If we can gain a
factor of two there, the situation becomes comfortable both
at injection into the SPS and at extraction towards the LHC.
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